SUMMARY The purpose of this investigation was to study the relationships between the contractile behavior of the heart and my ocardial prostaglandins. Using an open-chest model in rabbits, we assayed the left ventricular tissue content of prostaglandins (PG) E and F^ at various intervals following acute pressure overload created by graduated aortic stenosis. The results suggest that the rabbits could be divided into two distinct groups based on specific hemodynamic changes following coarctation (systolic and diastolic pressure, dP/dt, and contractility index). The first group included rabbits whose adaptation to pressure overload was expressed as a gradual increase in the contractility index. The second group was comprised of rabbits that developed heart failure following coarctation. The increase in contractility in response to overload in the first group was paralleled by an increase in the content of PGE and PGFio in the left ventricle, whereas, in rabbits with heart failure, the prostaglandin level did not rise above that of the control hearts. It is suggested that an increased endogenous prostaglandin content may be an important factor in adaptation to acute overload. Ore Reg 45: 205-211, 1979
RECENTLY, a number of authors have shown that prostaglandins not only contribute to the local regulation of myocardial blood flow (Hollenberg et al., 1968; Nakano, 1968; Needleman, 1976; Stanley, 1975; Zayat et al., 1977) , but also exert positive inotropic and chronotropic effects on heart muscle (Forster and Mentz, 1973; Hollenberg et al., 1968; Schror and Forster, 1974; Su et al., 1973) . As with other inotropic agents, the observed increase in contractility was related to an increased concentration of cyclic adenosine 3',5'-monophosphate (cAMP) in tissue (Kaumann and Birnbaumer, 1974; Moura and Simpkins, 1975; Sobel and Robison, 1969) , caused by adenylate cyclase activation (Kaumann and Birnbaumer, 1974; Sobel and Robison, 1969) .
Data on the biosynthesis of prostaglandins in heart muscle (Needleman, 1976; Piper and Vane, 1971 ) and on the regulation of coronary vessel tone and contractility by prostaglandins strongly suggest that these compounds may function as physiological regulators of heart function. Locally synthesized prostaglandins may exert an indirect modulatory effect on heart contractility and coronary blood flow (Needleman, 1976) by controlling the release of neurotransmitters at the presynaptic level (Gudbjarnason, 1975; Wennmalm, 1971) .
Pathological conditions both in vivo and in vitro lead to disturbances in the synthesis and release of prostaglandins from the heart (Block et al., 1974; Needleman, 1976; Wennmalm et al., 1974) . Thus, the biosynthesis and release of prostaglandins from isolated, perfused rabbit hearts are increased by mechanical disturbances, hypoxia and anoxia, and decreased by fibrillation (Block et al., 1974; Needleman et al., 1975; Wennmalm et al., 1974) . Limas et al. (1974) found increased synthesis of PGE 2 in rat myocardium after 5 minutes of coarctation of the aorta. It was also noticed that an increased release of prostaglandins into the perfusate by the isolated heart was accompanied by an increase in contractility. Infusion of prostaglandins during arrhythmias caused by various agents normalized heart rhythm and function (Forster and Mentz, 1973; Forster, 1976; Vergroesen and Boer, 1971) . Analysis of these data suggests that correlation may exist between the contractile behavior of the heart and myocardial prostaglandins. The purpose of this study was to follow the changes in prostaglandin content in the left ventricles of rabbits after acute pressure overload caused by aortic stenosis and to determine whether or not a correlation exists between heart contractility and the level of endogenous prostaglandins.
between the 4th and 5th ribs to open the chest, and artificial ventilation was provided with a D-5 respirator (USSR).
To measure left intraventricular pressure, a catheter was introduced into the left ventricle through the carotid artery. Left ventricular pressure (systolic and diastolic), as well as the first derivative of intraventricular pressure (dP/dt), was recorded with a Statham model P23Db pressure transducer, and the contractility index [ (dP/dt) /P] was calculated where dP/dt is the maximum of the rate of pressure development and P is developed pressure (= total pressure minus left ventricular end-diastolic pressure). Continuous recording of registered parameters was made on Mingograph-Elema apparatus (Siemens-Elema, Sweden).
Pressure overload in the rabbits was standardized by performing the coarctation in such a manner that the ratio of systolic pressure in the left ventricle (LVSP) to the maximal pressure developed following complete coarctation of the aorta (max LVSP) was kept the same for animals with different values of initial LVSP. In each rabbit, max LVSP was determined after complete coarctation of the aorta for one or two beats. After the constriction was released and the hemodynamic parameters allowed to return to normal, graduated coarctation of the ascending aortic arch then was performed by means of a screw clamp until the LVSP was adjusted to 80% of the max LVSP. The hearts were allowed to work against this pressure overload, and the hemodynamic parameters were monitored for various intervals up to 60 minutes. At 15,30, and 60 minutes after coarctation, the entire left ventricles were dissected free and then quickly frozen, using a Wollenberger clamp (Wollenberger et al., 1960) precooled in liquid nitrogen for determination of tissue prostaglandins. The number of rabbits used for registration of physiological parameters and prostaglandin determination at each interval after coarctation is given in Figures 1-5 .
To a separate group of six rabbits indomethacin was infused intraventricularly (20 mg/kg during 15 minutes) through a catheter 15 minutes after coarctation, and hemodynamic parameters were recorded for an additional 15 minutes. The left ventricles of these animals then were taken for prostaglandin determination. Of the total 53 rabbits, 15 were sham-operated and used to obtain control values of left ventricle prostaglandin content at 15, 30, and 60 minutes after brief constriction and release of the aorta without subsequent coarctation.
Prostaglandin Determination
Frozen specimens of left ventricle tissue were ground in liquid nitrogen, and 200-300 mg of this powder were thoroughly mixed with 4 ml of methanol-water mixture (2:1, vol/vol) and acidified to pH 3.5 with formic acid. Extraction of prostaglandins was performed according to the method of Attallah and Lee (1973) . Separation of PGA, PGE, and PGF in organic extracts was made by column chromatography as previously described (Auletta et al., 1974) . PGE then were converted into PGB according to the method of Andersen (1969) and determined by radioimmunoassay procedure, using antiserum to PGBi (Clinical Assay, Inc.). For determination of PGF^, antiserum to PGF^ from the same source was used. Since no data are available at present concerning cross-reaction of this antiserum with 6-keto PGF )a , we designate our data on PGF^ as "PGFz,, determined by RIA." At the end of procedure, the final protein complex was dissolved in an NCS solubilizer (Amersham, Searle), and radioactivity was determined with a toluene scintillator (Maebayashi and Kasida, 1974) .
Results

Hemodynamic Response of the Heart to Pressure Overload
Under conditions of open-chest and artificial ventilation, the following values of hemodynamic parameters were found in rabbits before coarctation of the aorta (mean ± SEM, n = 53): 76.0 ± 2.4 mm Hg for mean left ventricular systolic pressure, 1.0 ± 0.3 mm Hg for end-diastolic pressure, 1380 ± 124 mm Hg/sec for dP/dt^x, 1120 ± 76 mm Hg/sec for maximal rate of relaxation, and 24.0 ± 0.3 mm Hg/ sec for contractility index. These values are called normal, and in Figures 1 and 2 are shown as 100%. In all of the experimental rabbits, the changes in hemodynamic parameters of the heart (except for the contractility index) within the first 5 minutes following coarctation were more or less similar, i.e., all of the parameters increased. However, continued monitoring of these parameters revealed essential differences in the response of different rabbits to the same degree of pressure overload, for in some, the increased LVSP did not remain elevated. Thus, in 17 rabbits LVSP dropped from 216 ± 12% to 134 ± 11% (mean ± SEM) of the initial value in 15 minutes after the onset of constriction and, within 60 minutes, LVSP was only 117 ± 16% of the initial LVSP. In the remaining group of 21 animals, the elevated LVSP remained almost unchanged for 60 minutes after coarctation of the aorta.
The rabbits in which LVSP stayed constant for at least 15 minutes after constriction, were termed "adaptable" and were designated as group 1. The animals in which LVSP decreased by more than 30% of max LVSP within 15 minutes after constriction of the aorta were called "poorly adaptable" and were designated as group 2.
The consistently high values of LVSP for rabbits in group 1 and the decline in LVSP at various times after coarctation for animals in group 2 are shown in Figure 1A . These data demonstrate that the two differing reactions of the heart to pressure overload already are evident, although less clearly, immediately after coarctation. The figure shows that, in the adaptable rabbits of group 1, maximal systolic pressure within 1 minute after coarctation was 266 ± 28% (mean ± SEM, n = 21), whereas in the poorly adaptable animals of group 2, max LVSP was only 216 ± 12% (mean ± SEM, n = 17) of normal LVSP. The behavior of other physiological parameters in these two groups of rabbits after coarctation also differed. As shown in Figure IB , end-diastolic ventricular pressure (EDVP) increased 3-fold within 1 minute after coarctation in the adaptable animals and stayed elevated for 60 minutes. In the poorly adaptable rabbits, EDVP increased continuously by 5-fold within 3 minutes after coarctation and stayed elevated for 60 minutes.
The rate of contraction and the rate of relaxation (Fig. 1, C and D, respectively) increased in all the rabbits after constriction by 200-300% of the initial values. In group 1, however, both parameters were elevated during the 60 minutes after coarctation. A definite decrease in these parameters was readily apparent in the group 2 animals within 15 minutes after coarctation; this decline developed even further over the 60-minute period.
The heart rate did not change following coarctation, although some bradycardia was noticed in the rabbits in group 2 by the end of the experiment. In 12 of the 17 rabbits, frequent rhythm disturbances (single and multiple extrasystoles) were recorded within 2-3 minutes after coarctation. In group 1, arrhythmias were much less frequent (present in only 2 of the 21 rabbits), and heart rate was found to increase by 5-10% within 15 minutes after coarctation and to normalize subsequently.
As presented in Figure 1 , the above parameters showed a tendency to increase, although to differing degrees, in both the adaptable and poorly adaptable rabbits immediately after coarctation. In contrast, the contractility index [(dP/dt)/P] revealed differences in response to pressure overload between the two groups of animals immediately after coarctation. Changes in the contractility index in the two groups of rabbits at various intervals after coarctation are presented in Figure 2 . As shown in this figure, the value of the contractility index increased by 9 ± 2% (mean ± SEM) within 1 minute after coarctation in group 1 and continued to increase up to 38 ± 7% within 1 hour after constriction. The opposite changes were recorded in the rabbits in group 2 in which the contractility index dropped by 7 ± 3% immediately after coarctation and decreased further by 24 ± 6% after 60 minutes of stenosis.
Changes in Prostaglandin Content in the Left Ventricle after Coarctation
To obtain "normal" values of PGE and PGF^ in the left ventricle of rabbits, the tissue content of these compounds was determined in three groups of sham-operated animals consisting of five rabbits each at intervals of 15, 30, and 60 minutes after short constriction of the aorta and immediate release. Since the-average values found for these groups did not differ, all data were pooled. We present here the combined results for all of the 15 sham-operated animals. The content of PGE and PGF^ in the tissue of the left ventricle of these animals was 0.29 ± 0.05 and 1.40 ± 0.07 ng per g of wet weight tissue (mean ± SEM, n = 15), respectively. All data on changes of prostaglandin content found after coarctation are expressed as the ratio to relative corresponding values in sham-operated animals.
The content of prostaglandins in the left ventricle of the rabbit hearts was determined at various intervals within 60 minutes after coarctation of the aorta. Generally, constriction of the aorta resulted in an increase in endogenous PGE and PGF^ in the left ventricles of rabbit hearts as compared to those of the sham-operated animals. However, this increase in prostaglandin content was different for the rabbits in groups 1 and 2. Figure 3 shows the changes in relative PGE content for both groups of rabbits at various times after coarctation. In the adaptable rabbits (group 1), a sharp increase in the tissue level of PGE occurred within 15 minutes after coarctation, and PGE continued to increase further during the experiment. In the poorly adaptable animals (group 2), only an insignificant increase in PGE was recorded after coarctation, and no significant changes in the tissue level of PGE occurred after coarctation or during the period of adaptation. rapid increase in prostaglandin content was evident in the group 1 animals during adaptation to overload. As with PGE, the tissue level of PGF^ in the poorly adaptable animals of group 2 remained relatively constant throughout the experiment.
The Effect of Indomethacin on Hemodynamic Response and Left Ventricle Prostaglandin Content during Pressure Overload
The significant elevation of endogenous prostaglandin content in the left ventricle of adaptable rabbits after coarctation of the aorta and the absence of this reaction in poorly adaptable animals suggest that prostaglandin synthesis may play an important role in the physiological reaction of a heart to an overload. If this is true, the inhibition of prostaglandin synthesis in the hearts of adaptable animals after coarctation should change the hemodynamic response in these animals, making them less adaptable to the same degree of overload.
To check this hypothesis, indomethacin was infused intraventricularly (20 mg/kg during 15 minutes) into six rabbits in the adaptable group at 15 minutes following constriction of the aorta, and the physiological parameters were monitored until 30 minutes after constriction when the left ventricles were taken for prostaglandin determination. The values for LVSP, the contractility index, and prostaglandin content found for the rabbits of group 1 that were not treated with indomethacin at 30 minutes after coarctation served as controls. The results of the experiment are shown in Figure 5 , A and B. As Figure 5A demonstrates, intraventricular infusion of indomethacin significantly, although not completely, inhibited the synthesis of both PGE and PGF^ in the left ventricle of rabbit hearts working against pressure overload. The range of inhibition was 60 ± 28% for PGE (mean ± SEM, P < 0.05) and 88 ± 7% (mean ± SEM, P < 0.001) for PGF2Q. The effect of indomethacin infusion on the cardiac and hemodynamic response to overload (LVSP and contractility index) in the same rabbits is shown in Figure 5B . It can be seen that by 15 minutes after indomethacin infusion, there was a decline in LVSP of more than 50 ± 15% (mean ± SEM, P < 0.05) as compared to the control animals. A statistically significant decrease in the contractility index of 17 ± 3% (mean ± SEM, P < 0.01) was found in the rabbits treated with indomethacin as compared to the control group.
Discussion
The changes in cardiac hemodynamics during the first minutes after aortic coarctation clearly demonstrate that myocardial reserve is called upon to support systemic hemodynamics. Our results show that this compensatory myocardial reserve varies from animal to animal. By studying the adaptation of rabbits to overload for long periods, one can see that some are able to tolerate overload while others show a rapid decrease in cardiac contractility.
A comparison of hemodynamic data and changes in the inotropic state of the myocardium (the contractility index) suggests that even the initial phase of the cardiac response to coarctation of the aorta in adaptable and poorly adaptable animals is not the same. In the first group, the elevation of LVSP occurs due to the interplay of two mechanisms of autoregulation: the Frank-Starlinp law and the change in the inotropic state of the myocardium (increase in the contractility index). In the second group, elevation of LVSP is supported primarily by the first mechanism (high EDVP) and by significant overfilling of the heart and is not due to an increase in cardiac contractility (the contractility index decreases). This mechanism for providing increased LVSP appears to be less efficient, and cardiac failure due to the decrease in contractility develops rapidly in these poorly adaptable animals.
By measuring the content of prostaglandins in the left ventricle of rabbits following coarctation of the aorta, one can clearly demonstrate a strong correlation between the physiological behavior of the heart and its ability to increase endogenous prostaglandins. As demonstrated above, an increase in the contractility index in the adaptable rabbits is accompanied by an increase in the tissue content of the two types of prostaglandins (PGE and PGF2J, whereas in the poorly adaptable animals, the contractility index decreases with almost no increase in heart prostaglandins. This is true for both types of prostaglandins.
The fact that successful adaptation to overload is paralleled by a rapid increase in left ventricle prostaglandin content and that the inhibition of prostaglandin synthesis is accompanied by a decline in contractility suggests that the increase in contractility is preceded by the acceleration of prostaglandin synthesis in the heart muscle.
Prostaglandins do not accumulate in the tissues but are synthesized in response to certain stimuli (Andersen and Ramwell, 1974; Silver and Smith, 1975) . It is logical to conclude therefore that a significant increase in the tissue content of prosta- VOL. 45, No. 2, AUGUST 1979 glandins is due to the activation of prostaglandin synthetase or the availability of arachidonic acid.
Using direct intraventricular infusion of indomethacin, a well-known inhibitor of prostaglandin synthesis (Vane, 1971) , we attempted to slow the rate of prostaglandin biosynthesis in the heart muscle of adaptable animals to see if hemodynamic response to overload would be affected. It was found that after indomethacin infusion, contractility, expressed by LVSP and the contractility index, indeed decreased as compared to control, nontreated adaptable rabbits.
Cardiac adaptation to increased overload is facilitated by the positive inotropic and chronotropic effects of prostaglandins of heart muscle (Hollenberg et al., 1968; Forster and Mentz, 1973; Schror and Forster, 1974; Su et al., 1973) , and also by the increase in coronary blood flow caused by endogenous prostaglandins. As mentioned above, frequent rhythm disturbances were registered after coarctation in the group of poorly adaptable rabbits. It is tempting to speculate that these arrhythmias are due to an inability to increase the content of prostaglandins in the heart after coarctation. This suggestion is supported by the results of Kecskemeti et al. (1974) , who demonstrated that low concentrations of exogenous PGE (Ei and E2) increase the maximal rate of heart muscle depolarization, whereas high concentrations of prostaglandins have the opposite effect, resembling the cellular effects of antiarrhythmic agents. Indeed, the infusion of PGE (E, and E 2 ) as well as PGF^, normalizes the heart rhythm (Forster, 1976; Zayat et al., 1977) . It is believed that prostaglandins may abolish arrhythmias via their regulatory effect on heart conductance.
The analysis of available information suggests that, in the metabolic control of heart contractility, prostaglandins may be located somewhere between the extracellular catecholamines and the intracellular cAMP system. In response to the overload, a sudden increase in heart free fatty acids may occur (Kjekshus and Mjos, 1972) , probably due to the activation of phospholipase (Nachbaur et al., 1972; Waite and Sisson, 1971) , which is known to release prostaglandin precursors (Duvivier et al., 1975; Needleman, 1976) involved in the synthesis of prostaglandins. Prostaglandins are known to activate adenylate cyclase and thereby increase the level of cAMP in heart tissue (Kaumann and Birnbaumer, 1974; Moura and Simpkins, 1975; Sobel and Robison, 1969) . This, in turn, affects Ca 2+ transport at the level of the sarcoplasmic reticulum (Kirchberger et al., 1975; La Raia, 1974) as well as inward Ca 2+ flux through slow Ca 2+ channels of plasma membrane due to an increase in the phosphorylation of the protein constituent of the slow Ca 2+ channels (Sperelakis and Schneider, 1976) . The cAMP-dependent phosphorylation of a protein component from highly purified sarcolemmal membranes and the direct metabolic control of slow inward calcium current in heart muscle recently were demonstrated (Will et al., 1978; Rozenshtraukh et al., in press ). The amount of Ca 2+ entering the myocardial cell per impulse is related directly to the force contraction (Horackova and Vassort, 1976) .
It is difficult to speculate at present at what level this metabolic chain does not function properly in the hearts of poorly adapted animals. If, however, the suggested sequence of events is correct, the impaired function of PG-synthetase complex and/ or the deficiency of the substrate for prostaglandin synthesis may be one of the early events leading to a decrease in cellular cAMP level, changes in Ca 2+ influx into the myocardial cell, and the development of cardiac failure.
Thus, our data, together with other information in the literature, suggest that endogenously synthesized prostaglandins may be of vital importance in the adaptation of the heart to overload. By controlling the cellular level of cyclic nucleotides, these compounds may affect calcium transport, which eventually determines the contractile behavior of the heart, especially its ability to adapt to overload or the development of cardiac failure.
